Introduction {#sec1}
============

Drop formation, transport, splitting, and coalescence are the main processes used in drop microfluidics.^[@ref1]−[@ref4]^ The coalescence of drops has received growing attention over the last decade because of many potential applications, with a number of publications providing protocols for tailored drop coalescence using passive^[@ref5]−[@ref7]^ and active^[@ref8]−[@ref10]^ methods. Coalescence of identical drops has been studied in microfluidic devices to gain a deeper insight into emulsification processes, either to determine drop stability over a short time scale following drop formation, when adsorption layers of stabilizing agents are not always complete,^[@ref11]−[@ref13]^ or to estimate the stabilizing properties of surfactants.^[@ref14]^

The two main advantages provided by coalescence of drops in microfluidics are the possibility to perform chemical reactions under highly controlled conditions and the use of very small amounts of reactants.^[@ref2],[@ref15]^ Such microreactors may be separated from each other by the continuous phase, and if reactants and reaction products are soluble only in the dispersed phase, there is no risk of cross-contamination. For example, using 1 mL of sample, it is possible to create thousands to hundreds of thousands of microreactors and thus obtain reliable statistics by varying reaction times and conditions. Other reactants can be added while the drop is moving through the channel, for example, to dilute the sample or quench the reaction. Microfluidic reactors have been successfully used, for example, to measure enzyme kinetic constants^[@ref16]^ or to synthesize nanoparticles^[@ref17],[@ref18]^ or hydrogel particles.^[@ref19]^

A further advantage of microreactors is that their small size leads to small diffusion lengths and thus rapid diffusion of reactants. However, for many applications such as the study of reaction kinetics, the diffusion time is still too large and therefore additional mixing of the drop contents is necessary. If one considers the coalescence of two consecutive drops in a straight channel, following coalescence, convective mixing occurs between the front and rear parts of the combined drop. This is driven by the velocity gradient in the direction perpendicular to the channel axis, resulting in two symmetrical convective vortices inside the drop^[@ref2],[@ref20]−[@ref22]^ as the drop moves along the channel. If the drops have different initial compositions, this recirculation mixes the contents of the drops together. According to ref ([@ref23]), the average striation length decreases to around 15% of the channel size when the drop moves a distance equal to 3 times of its length and shorter drops/plugs mix faster than the longer ones.

Convective mixing can be intensified using chaotic advection, for example, by using serpentine channels.^[@ref24]^ There is however another possibility to intensify mixing by exploiting the properties of coalescing drops: if the interfacial tension of the drops is different, then additional mixing is expected because of the difference of capillary pressure between drops and Marangoni flow. This effect was studied for the coalescence of a drop with a liquid reservoir,^[@ref25]^ drop coalescence in a two-dimensional geometry, where two sessile drops coalesced while spreading over a substrate,^[@ref26],[@ref27]^ and in a three-dimensional (3D) geometry, where two spherical drops coalesced in air^[@ref28]^ or in a surrounding viscous liquid.^[@ref29]−[@ref32]^ For 3D coalescence of two drops, which is the most relevant case for microfluidic applications, it was shown that once the coalescence began, the drop having larger interfacial tension penetrated inside the drop having smaller interfacial tension because of the difference in capillary pressure. At the same time, the difference in the interfacial tension produced Marangoni flow in the direction of higher interfacial tension, so that the drop of lower interfacial tension enveloped the drop with larger interfacial tension. Both phenomena resulted in considerable convective mixing of the drop contents. The penetration velocity and depth were found to increase with the increase of the viscosity of the surrounding liquid^[@ref29],[@ref30]^ and the interfacial tension difference.^[@ref32]^

The study in refs^[@ref29],[@ref32]^ was performed in unconfined geometry under conditions of nearly zero flow. If the drops are moving under confinement inside a microfluidic device, mixing due to coalescence will be superimposed upon the recirculatory mixing. Numerical simulations^[@ref33]^ predicted for this case a very sophisticated mixing pattern depending on mutual orientation of flow and interfacial tension gradient. Here, a novel experimental study on coalescence of a surfactant laden and a surfactant-free drop in a microfluidic device is carried out. The mixing patterns after coalescence are studied as a function of the difference in interfacial tension between the drops and the viscosities of the continuous and dispersed phase.

Materials and Methods {#sec2}
=====================

Decyltrimethylammonium bromide (C~10~TAB) 99%, Acros Organics; methyl violet dye, Sigma-Aldrich; ultrapure HPLC-grade glycerol, Alfa Aesar; and silicone oils (SO) of viscosity 4.6 and 48 mPa·s, respectively, Aldrich, were used as purchased. Double-distilled water was produced by a water still Aquatron A 4000 D, Stuart.

Drops were generated and coalesced in a microfluidic device made of polydimethylsiloxane (PDMS) using a standard soft lithography procedure.^[@ref34]^ The PDMS geometry was attached to a glass slide with a spin-coated PDMS layer after both were treated by corona discharge for 2 min. The device geometry in the plane of observation is shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. The channels have a rectangular cross section of height *h* = 170 μm and width *w* = 360 μm for the input channels and *w* = 360 and 720 μm, respectively, for the parts of the output channel. The channel width and height were measured directly from microscopic images. To measure height, the PDMS geometry was peeled off the glass slide and cut into slices perpendicular to the plain of observation. The measurements were performed after conditioning the geometry by filling with SO for over 1 week to account for any size changes due to swelling. Coalescence was studied in both the narrow and wide parts of the output channel to account for the effect of confinement.

![Microfluidic device used in coalescence experiments: 1, 4---input channels for two different dispersed phases, 2, 5---input channels for continuous phase, 3, 6---X-junctions, and 7---output channel.](la9b00843_0001){#fig1}

SO was used as a continuous phase. One of the dispersed phases was water (W) or a surfactant-free mixture of 52 wt % glycerol and water (G_W). The refractive index of the glycerol--water mixture matches that of SO which improves the resolution of velocimetry studies by reducing optical aberrations at the interface between the dispersed and continuous phase. To study the addition of the surfactant, C~10~TAB was added to the second dispersed phase. To distinguish between the different dispersed phases during the optical measurements and to follow mixing of the drop contents after coalescence, methyl violet dye was added to the surfactant-free dispersed phase at a concentration of 1 g/L. The critical micelle concentration (CMC) in water for C~10~TAB is 60 mM. Three different surfactant concentrations in water, namely 0.5, 1, and 5 CMC and a single concentration of 5 CMC in G_W, were studied. The properties of continuous and dispersed phases are summarized in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. The addition of methyl violet dye lowers the equilibrium interfacial tension of surfactant-free dispersed phase by 5 mN/m; however, the kinetics of dye adsorption is rather slow, and on the time scale of the microfluidic experiments here described (below 10 s), the decrease is \<2 mN/m (estimated from measurements of dynamic surface tension).

###### Properties of the Liquid Pairs Used

   continuous phase   viscosity (mPa·s)   dispersed phase   viscosity (mPa·s)   interfacial tension, (mN/m)
  ------------------ ------------------- ----------------- ------------------- -----------------------------
          SO                 4.6               water                1                       40
                                           water + 5 CMC            1                       12
          SO                 48                water                1                       36
                                          water + 0.5 CMC           1                       22
                                           water + 1 CMC            1                       14
                                           water + 5 CMC            1                       12
                                                G_W                 6                       34
                                            G_W + 5 CMC             6                       12

The liquids were supplied to the microfluidic device by syringe pumps Al-4000 (World Precision Instruments, UK), equipped with 10 mL syringes (BD Plastipak). Drop coalescence was followed using a high-speed video camera (Photron SA-5) connected to an inverted microscope (Nikon Eclipse Ti2-U) at 7000--20 000 fps with an exposure of 0.02 ms. Both 10× and 20× objectives (Nikon, CFI Plan Fluor DLL) were used giving an image resolution of 2 and 1 μm/pixel, respectively. Image processing was performed using ImageJ free software.^[@ref35]^ All the results obtained are an average of between 3 and 5 experiments.

The flow fields inside the dispersed phase were studied by ghost particle velocimetry (GPV)^[@ref22],[@ref36]−[@ref38]^ using 200 nm polystyrene particles (10% solid, Sigma) added into the dispersed phase at a ratio of 1:50 (v/v). GPV uses as a flow tracer the speckle patterns produced by standard white light scattered by particles smaller than the diffraction limit. The small size of the particles and their low concentration ensured the nonintrusive nature of the measurement. The video recording was carried out at 20 000 fps with an exposure time of 0.05 ms. At least 100 frames were recorded. Images were processed by ImageJ to remove background noise^[@ref22]^ and then analyzed using the open-source MATLAB toolbox PIVlab.^[@ref39]^

Interfacial tension was measured using a tensiometer K100 (Krüss) equipped with platinum Wilhelmy plate. Parameters for the Langmuir adsorption isotherm were obtained using the software IsoFit^[@ref40]^ available at Ref ([@ref41]). Dynamic surface tension was measured with a maximum bubble pressure tensiometer (Sinterface).

The viscosity was measured by a TA instruments Discovery-HR-2 rheometer in flow mode using a cone and plate geometry with a cone diameter of 60 mm and an angle of 2° 0′ 29″ with a truncation (gap) of 55 μm.

Results and Discussion {#sec3}
======================

Characteristic Time Scales {#sec3.1}
--------------------------

There are several processes that contribute to the mixing accompanying the coalescence of drops with different compositions in a microfluidic device: recirculation inside the coalescing drop because of no-slip conditions on the channel walls, spreading of the content of the surfactant-laden drop over the surface of the surfactant-free drop because of the difference in the interfacial tension between drops, and penetration (intrusion) of the contents of surfactant-free drop into the surfactant-laden drop because of the difference in capillary pressure. The penetration rate in turn depends on the neck kinetics because under the same difference in the capillary pressure between the drops, the liquid velocity inside the neck, that is, the intrusion velocity, depends on the neck cross section. All these processes occur simultaneously and are thus interdependent but have their own characteristic time scales. These depend on system parameters such as flow rates, drop size, channel geometry, liquid viscosities, and surfactant characteristics. Therefore, we first estimate these time scales for the system under consideration without accounting for their probable mutual influence.

The time scale associated with recirculatory flow inside the channel, τ~F~, can be calculated as^[@ref23]^where *L* is the characteristic length scale (the drop radius in the plane of view), *U*~s~ is the drop velocity, being close to the flow velocity in the output channel if the drop size is close to that of the channel,^[@ref16],[@ref38]^*Q*~s~ in the flow rate in the output channel, and *S* = *wh* is the channel cross-sectional area. The experimental flow field inside the plug moving in the microchannel^[@ref38]^ confirms that the recirculation velocity *U*~s~ = *O*(*Q*~s~/*S*). For the flow rate range used in this study, *Q*~s~ = 3--80 μL/min, and the average drop radius, *L* = 150 μm, thus 5 \< τ~F~ \< 200 ms. Note, the characteristic diffusion time, τ~D~ = *L*^2^/*D*, where *D* is the diffusion coefficient. For the considered drop size, τ~D~ is ∼45 s for a typical value of surfactant diffusion coefficient, *D* = 5 × 10^--10^ m^2^/s. Therefore, on the time scale of this study (below 100 ms), the contribution of diffusion on mixing can be neglected.

The characteristic time of coalescence depends on the dominant forces. According to ref ([@ref42]), coalescence initially follows the inertially limited viscous regime with neck radius, *r*, increasing proportionally to time. This is later replaced by another regime, with slower growth of the neck, proportional to *t*^0.5^where τ~c~ is the characteristic time of coalescence and *K* is a constant close to unity.

Following ref ([@ref42]), the estimated neck radius at transition from the inertially limited viscous regime in our study should be below 5 μm, that is, below the neck size which can be visualized in this study. Therefore, only the second mentioned regime is expected to be observed. The proportionality coefficient to *t*^0.5^, defining the characteristic time scale of coalescence, depends on the properties of the continuous and dispersed phases. The analysis of the results for drops of radius 1--2 mm in unconfined geometry carried out in ref ([@ref42]) has shown that if \> 0.3, then coalescence follows the regime mediated by the viscosity of the continuous phase with a characteristic time scalewhere μ~c~ is the dynamic viscosity of the continuous phase, σ is the interfacial tension, and ρ is the density of the denser liquid, which is the dispersed phase in the case considered here.

If \< 0.3, then coalescence proceeds in the inertial regime governed by dispersed phase (being more dense) with a characteristic time scale^[@ref42]^

For drop radius *L* = 150 μm, the viscous regime is expected for μ~c~ \> 23 mPa·s for the surfactant-free system (σ = 40 mN/m) and for μ~c~ \> 13 mPa·s for the smallest interfacial tension used (σ = 12 mN/m). Therefore, for all compositions of dispersed phase, the viscous regime of coalescence is expected for viscosity of the continuous phase equal to 48 mPa·s, whereas the inertial regime is expected for viscosity of the continuous phase of 4.6 mPa·s. Estimation of corresponding time scales by [eqs [3a](#eq3a){ref-type="disp-formula"}](#eq3a){ref-type="disp-formula"} and [3b](#eq3b){ref-type="disp-formula"} gives 0.2 \< τ~cv~ \< 0.6 ms and 0.3 \< τ~ci~ \< 0.5 ms, that is, surprisingly both viscous and inertial time scales are similar for the liquids used in this study.

The characteristic time for mixing driven by capillary pressure difference between the drops having different interfacial tension iswhich gives for conditions used in this study 0.04 \< τ~p~ \< 0.10 ms if water is used as the dispersed phase and τ~p~ ≈ 0.36 ms for the glycerol--water mixture. Comparing the time scales of capillary pressure driven flow, [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"}, coalescence, [eq [3a](#eq3a){ref-type="disp-formula"}](#eq3a){ref-type="disp-formula"}, and recirculation, [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}, one can expect mass transfer inside the coalesced drop because of the pressure difference on the time scale of coalescence; this mass transfer can be affected by recirculation at high flow rates, whereas at small flow rates, mixing should be driven mainly by the capillary pressure flow.

Capillary pressure driven flow will persist as long as there is a difference in the interfacial tension between drops. This difference gives rise to Marangoni flow once the drops contact each other. The Marangoni flow, on the one hand, contributes to mixing between the coalescing drops but, on the other hand, transfers the surfactant over the surface of the initial surfactant-free drop, which results in a more uniform surfactant distribution and diminishing of capillary pressure difference. As the Marangoni flow involves adjacent to the interface layers in both continuous and dispersed phases, its time scale depends on the viscosities of both phases and can be defined aswhere μ~d~ is the dynamic viscosity of dispersed phase and Δσ is the difference in the interfacial tension between drops. One can calculate that for μ~c~ = 48 mPa·s, μ~d~ = 6 mPa·s and Δσ = 22 mN/m (G_W in more viscous SO), τ~M~ ≈ 0.4 ms, and for μ~c~ = 4.6 mPa·s, μ~d~ = 1 mPa·s, and Δσ = 28 mN/m (water in less viscous SO), τ~M~ ≈ 0.03 ms, that is, it is similar to the time scale of drop coalescence. This means that the Marangoni flow will contribute to mixing on the time scale of coalescence, but it can reduce considerably the contribution from the capillary pressure driven mixing because of the reduction of the difference in interfacial tension between the drops. The extent of interfacial tension equilibration due to Marangoni flow depends, however, on the surfactant properties. As the surfactant is soluble in the dispersed phase, it will adsorb on the side of the initially surfactant-laden drop and desorb on the side of the initially surfactant-free drop.

The characteristic time scale for interfacial tension relaxation can be calculated as^[@ref43],[@ref44]^where Γ is the surface adsorption and *c* is the surfactant concentration. Assuming that the adsorption kinetics is diffusion controlled and using Langmuir adsorption isotherm

[Equation [6](#eq6){ref-type="disp-formula"}](#eq6){ref-type="disp-formula"} can be rewritten aswhere Γ~∞~ is the limiting adsorption and *b* is the Langmuir adsorption constant. Γ~∞~ and *b* was found from fitting the experimentally measured dependence of interfacial tension on concentration for the fluid pair of water and 48 mPa·s SO ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b00843/suppl_file/la9b00843_si_001.pdf)) according to the Szyszkowski--Langmuir equationas *b* = 2.6 × 10^--2^ m^3^/mol and Γ~∞~ = 9.1 × 10^--6^ mol/m^2^.

According to the literature,^[@ref45]−[@ref47]^ the aggregation number for C~10~TAB is in the range 30--40; therefore, for calculations, we have chosen *N*~a~ = 35. Then, for the 5 CMC solution of C~10~TAB, *D*~eff~ ≈ 5 × 10^--9^ m^2^/s and τ~σ~ \< 0.1 μs. In this case, surfactant replenishment at the interface from the surfactant-laden side and surfactant desorption on the surfactant-free side should be practically instantaneous and the surface tension gradient will be supported as long as there remains a considerable difference in the bulk concentration of the surfactant between the drops. Equilibration of the bulk concentration in this study occurs on the time scale of tens of milliseconds, see section [Mixing on Long Time Scale](#sec3.4){ref-type="other"} and in particular [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}.

Note that such a fast relaxation is a specific characteristic of C~10~TAB because of its high CMC value and small activity (constant *b* in [eq [8](#eq8){ref-type="disp-formula"}](#eq8){ref-type="disp-formula"}). This surfactant was deliberately chosen to keep the surface tension gradient unchanged during the coalescence process. For other low-molecular-weight surfactants, especially nonionic, this relaxation time can be of the order of tens of milliseconds at the CMC and in the seconds range and higher at concentrations below the CMC.^[@ref44]^

Neck Kinetics {#sec3.2}
-------------

Because surface tension at the neck is a crucial parameter in defining the neck kinetics, the surfactant-free dispersed phase was used to account for the effect of flow conditions and viscosity of the continuous phase on the coalescence kinetics in a microchannel in order to avoid any influence of surfactant redistribution. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows the time evolution of the neck radius by coalescence of water drops in 48 mPa·s viscosity SO. The neck radius was normalized by the drop radius and time was normalized by the characteristic viscous time τ~cv~ to account for the variation in drop sizes (in the range 271--298 μm). Note that the velocity in the wide channel at *Q*~s~ = 98 μL/min is similar to the velocity in the narrow channel at *Q*~s~ = 43 μL/min because of the twice larger cross-sectional area of the wide channel.

![Kinetics of neck growth at coalescence of two surfactant-free drops of water in SO 48 mPa·s under different flow conditions. Axis labels in the inset are the same as in the main graph.](la9b00843_0003){#fig2}

According to [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, the superficial flow rate in the channel does not have a considerable effect on the neck kinetics, but the rate of confinement does. All three curves show similar early kinetics on a time scale up to 1 and for the dimensionless neck radius up to 0.5 with the power law exponent being in the range 0.44--48 for all three cases, consistent with predicted scaling for the neck radius in [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}. The coefficient *K* in [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} was found to be 0.55 ± 0.02 for coalescence in the narrow channel and 0.60 ± 0.02 for coalescence in the wide channel. It can be assumed that this difference in *K* values is due to larger confinement in the narrow channel, making the redistribution of continuous phase more difficult.

At *R*/*L* \> 0.5, the kinetics slow down in agreement with previous observations reported for unconfined geometry.^[@ref32],[@ref42]^ In the confined geometry considered here, the slowing down is more pronounced than in refs^[@ref32],[@ref42]^ and depends on the degree of confinement. For coalescence in the narrow channel, where the ratio of drop diameter to channel width was around 0.8, the power law exponent for the slow neck kinetics was ∼0.15, whereas for wide channel with two times smaller confinement, it was ∼0.21. This behavior is in line with the dependence of *K* on confinement.

The comparison of coalescence of surfactant-free drops at respective continuous phase viscosities of 4.6 and 48 mPa·s shown in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b00843/suppl_file/la9b00843_si_001.pdf) illustrates that the neck grows much faster in the less viscous oil despite the similarity of viscous and inertial time scales discussed above. This is the result of the difference in the coefficient *K*, which for inertial kinetics at μ~c~ = 4.6 mPa·s is ∼0.9, that is, in the case of low-viscosity oil and inertial kinetics, the effect of confinement is rather small.

When the coalescing drops have different interfacial tensions because of the presence of a surfactant, their contact results in large gradients of interfacial tension and transfer of surfactant from the surfactant-laden drop to the surfactant-free drop by the interfacial (Marangoni) flow. The surfactant and velocity distribution over the interface is governed by the coupled hydrodynamics and the mass transfer is strongly nonlinear and changes with time.^[@ref48]^ The coalescence kinetics, at least on the short time scale when it follows [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}, is determined mostly by the surfactant concentration at the neck. The last is hardly predictable a priori from the simple time-scale analysis because many forces are involved locally.

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} compares the neck kinetics for the coalescence of one surfactant-laden drop and one surfactant-free drop with the kinetics of two surfactant-laden drops and two surfactant-free drops. For the case of coalescence of two different drops, two cases are considered: the surfactant-laden drop being either at the front or behind as the drops flow down the channel. In the former case, the difference in capillary pressure, Marangoni stress, and shear stress from the motionless channel wall acts in the same direction, whereas for the latter, the shear stress from the wall opposes the two other forces.

![Kinetics of neck growth during coalescence of two aqueous drops of different compositions (see legend), in the narrow channel. The surfactant-laden drop contains 5 CMC of C~10~TAB; continuous phase---SO 48 mPa·s; flow rate in the output channel---27 μL/min; τ~cv~ for all the curves is based on the interfacial tension of the surfactant-free system, σ = 36 mN/m.](la9b00843_0004){#fig3}

There is a distinctive difference in the neck kinetics between the coalescence of two surfactant-laden drops and two surfactant free drops, the former being slower, as expected. In the case when the surfactant-laden drop is at the front, the kinetics is close to that of two surfactant-laden drops. Therefore, it can be assumed that the surfactant concentration at the neck is close to the CMC value in this case. In the case when the surfactant-laden drop goes last (behind), the kinetics is close to that of two surfactant-free drops and it can be assumed that there is practically no surfactant at the neck in this case. The difference in kinetics due to the drop order was also observed for concentrations of C~10~TAB of 0.5 CMC and 1 CMC. Thus, it can be concluded that despite the much larger global time scale of the recirculatory flow resulting from the drop interaction with the channel wall as compared with the Marangoni time scale, the wall shear stress affects considerably the surfactant redistribution after coalescence of the surfactant-laden and surfactant-free drop. It will be shown below that it also affects the mixing patterns inside the coalescing drops.

Mass Transfer on Short Time Scale {#sec3.3}
---------------------------------

At coalescence incipience, there is a considerable difference in the capillary pressure between the surfactant-laden drop and the surfactant-free drop because of the difference in interfacial tension. As stated above, this results in the penetration of the surfactant-free drop into the surfactant-laden one as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} ([Videos S1 and S2](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b00843/suppl_file/la9b00843_si_002.mp4)) for two drops coalescing in 48 mPa·s SO. The penetration kinetics is quantified in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, where each curve represents the averaged data from three to four drops. In [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, the maximum penetration length of surfactant-free phase is normalized by the full length of coalesced drop as shown in the top left inset. Such normalization accounts for changes in the length because of the change of the coalesced drop shape.

![Mass transfer between drops accompanying their coalescence. The surfactant-free drop is an aqueous solution of methyl-violet dye, the surfactant-laden drop is an aqueous solution of 300 mM (5 CMC) C~10~TAB, the continuous phase is SO 48 mPa·s; flow rate in the output channel---27 μL/min (corresponds to the conditions shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). Top row---surfactant-laden drop goes first, the diameter of surfactant-laden drop *D*~SL~ = 340 μm, the diameter of surfactant-free drop *D*~SF~ = 327 μm; bottom row---surfactant-free drop goes first, *D*~SF~ = 310 μm, *D*~SL~ = 291 μm.](la9b00843_0005){#fig4}

![Dependence of intrusion length of the content of the surfactant-free water drop into the surfactant-laden water drops on time. The continuous phase is SO 48 mPa·s. Filled symbols correspond to the surfactant-laden drop followed by the surfactant-free one (top inset); empty symbols correspond to the surfactant-laden drop, followed by the surfactant-free one (bottom right inset). Diamonds represent coalescence in the wide channel at *Q*~s~ = 20 μL/min (bottom left inset), all other symbols represent coalescence in the narrow channel at *Q*~s~ = 44--48 μL/min. The intrusion length is normalized by the total length of the coalescing drop as shown in the top inset.](la9b00843_0006){#fig5}

The characteristic time of recirculatory mixing for coalescence presented in [Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} and [5](#fig5){ref-type="fig"} is τ~F~ ≈ 20 ms. However, it is clearly visible that there is a considerable dependence of the intrusion length on the drop order. On the short time scale of *t* ≈ 1 ms, penetration is considerably stronger when surfactant-laden drop goes first. Note that for this case, there is a noticeable dependence of the penetration kinetics on the interfacial tension: increase of surfactant concentration from 0.5 CMC to 1 CMC (i.e., increase in interfacial tension difference between drops from 12 to 22 mN/m) results in faster penetration rate and larger penetration depth. Interfacial tension decreases only by 2 mN/m with an increase of concentration from 1 CMC to 5 CMC; therefore, the penetration kinetics for these two concentrations are practically the same.

When the drops enter the wide channel, they align pairwise at an angle ∼45° to the channel axis as shown in the bottom left inset shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. In this case, the penetration kinetics slow down in comparison to the narrow channel for the case when the surfactant-laden drop goes first and accelerates as compared to the narrow channel for the reversed drop order. The dependence of the penetration on the drop order in the wide channel is close to the experimental error. Note that unlike the neck kinetics, the penetration kinetics depends on the superficial flow rate, as shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. Therefore, to a large extent, the difference in penetration between the narrow and wide channels is due to difference in the flow conditions.

![Dependence of penetration length (surfactant-laden drop of 5 CMC C~10~TAB goes first) on flow velocity in the output channel. Filled symbols correspond to water as the dispersed phase and empty symbols correspond to the glycerol--water mixture as the dispersed phase. The continuous phase is SO 48 mPa·s.](la9b00843_0007){#fig6}

According to [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"}, the penetration kinetics should depend strongly on the viscosity of the dispersed phase. Indeed, this is confirmed by the comparison of the penetration kinetics by the coalescence of surfactant-laden and surfactant-free drops of water and those of glycerol--water as shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. Penetration kinetics also depends on the viscosity of continuous phase as shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}. This dependence is mostly due to the difference in the neck kinetics. For the less viscous continuous phase, the neck diameter increases faster ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b00843/suppl_file/la9b00843_si_001.pdf)); therefore, the penetrating surfactant-free phase has to fill the larger cross-sectional area, which results in a smaller penetration length.

![Effect of viscosity of the continuous phase on the intrusion length: circles---continuous phase 4.6 mPa·s, *Q*~s~ = 42 μL/min; squares---continuous phase 48 mPa·s, *Q*~s~ = 44 μL/min. The dispersed phase is water. Filled symbols correspond to the surfactant-laden (5 CMC) drop followed by the surfactant-free one, empty symbols correspond to the opposite drop order.](la9b00843_0008){#fig7}

An increase of the neck radius provides a negative contribution to the length of both the coalesced drop and its surfactant-free part. As shown in [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b00843/suppl_file/la9b00843_si_001.pdf), this contribution results in the continuous decrease of the full drop length, whereas the length of the surfactant-free part of the drop first increases due to penetration. Later, a negative contribution from the shape change exceeds the contribution from the penetration and the length of the surfactant-free part begins to decrease. For the case presented in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, the fastest penetration occurs within 0.5 ms with an average intrusion velocity of 150 mm/s if the surfactant-laden drop goes first and 63 mm/s for the opposite drops order. The full length of the drop decreases faster in the case when a surfactant-laden drop goes first. This is the result of increasing asymmetry in the drop shape (top row in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}): the content of the surfactant-free part is squeezed out, decreasing the radius of the surfactant-free part and increasing the radius of the surfactant-laden part. This asymmetry also affects the penetration length, first, by making the surfactant-free part more elongated and, second, by an increase of the capillary pressure difference.

[Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} presents the flow fields inside the surfactant-laden and surfactant-free coalescing drops containing glycerol--water, which is used to match the refractive index with the SO and enable improved flow resolution near the drop interfaces. [Video S3](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b00843/suppl_file/la9b00843_si_004.mp4) shows the movement of the speckle pattern visualizing the flow inside the coalescing drops. The penetration kinetics for a similar pair of drops is shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}.

![Flow fields inside the coalescing drops. Surfactant-free drop---mixture of 52% glycerol and 48% water (v/v), surfactant-laden drop---300 mM solution of C~10~TAB in glycerol--water mixture, continuous phase---SO 48 mPa·s; flow rate in the output channel---22 μL/min. The average velocity inside the drops before coalescence (8 mm/s) was subtracted from the flow. First column---surfactant-laden drop goes first, the diameter of surfactant-laden drop *D*~SL~ = 299 μm, the diameter of surfactant-free drop *D*~SF~ = 277 μm; second column---surfactant-free drop goes first, *D*~SF~ = 290 μm, *D*~SL~ = 300 μm.](la9b00843_0009){#fig8}

The coalescence gives rise to two different types of flow: the Marangoni flow due to the gradient of the interfacial tension between the drops and the bulk flow due to the difference in the capillary pressure between the drops and the neck and between the drops themselves. The Marangoni flow is generated at the interface, and it also causes movement of the bulk fluid directed from the surfactant-laden drop to the surfactant-free drop. The capillary pressure driven flow is directed from the surfactant-free drop into the surfactant-laden drop with a maximum velocity along the axis connecting the centers of the drops. This is shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} and from the velocity distribution along the penetration line presented in [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b00843/suppl_file/la9b00843_si_001.pdf). It should be stressed that the main driving force of this flow is the difference in capillary pressure between the drops and the neck region. The flow results in the increase of neck diameter and is observed in any coalescence event including coalescence of similar drops;^[@ref42],[@ref49]^ however, the flow structure is strikingly different between the coalescence of similar and dissimilar drops.

In the case of coalescence of similar drops, both drops contribute equally to the liquid inflow into the neck. Therefore, the increase in the neck diameter is accompanied by the formation of four symmetrical convective vortices in relation to the middle plane between the drops and the center to center axis in a Lagrangian coordinate system moving along the channel axis with the drops at the flow velocity.^[@ref38]^ As expected for the symmetrical case, the velocity vectors do not cross the middle plane between the drops; that is, there is no mass transfer between the drops.

In the case when drops have different interfacial tension, there is a capillary pressure difference not only between the drops and the neck but also between the two drops. Therefore, the neck filling in this case occurs by the liquid from the drop having larger capillary pressure (i.e., larger interfacial tension). The liquid from this drop not only fills the neck but also penetrates into the bulk of the second drop. This results in the formation of only two convective vortices because of the motion of the liquid from the drop with higher interfacial tension, whereas the liquid from the distant part of the drop with lower interfacial tension moves with a velocity close to the flow velocity.

The maximum velocity to be reliably derived from GPV can be estimated as *U* = *L*~IR~/4Δ*t*, where *L*~IR~ is the length of interrogation region and Δ*t* is the time between the successive frames in video-recording.^[@ref37]^ The minimum Δ*t* in this study was 0.05 ms and *L*~IR~ = 32 μm, which gives the maximum velocity *U* = 160 mm/s. Therefore, because of the limitation of the high-speed camera used in this study, it was not possible to obtain flow patterns at *t* \< 0.5 ms; even at *t* = 0.5 ms, there is a large error in the flow vectors for the case when the surfactant-laden drop goes first.

It was observed, for symmetrical drop coalescence,^[@ref38]^ that the movement of coalesced drop along the channel results in the vortex symmetry breaking because of their interaction with the continuous phase: the vortex in the first moving drop is retarded, whereas vortex in the second moving drop is enhanced. The same is observed in the case of asymmetrical drop coalescence with the only difference being that the vortices are always located in the surfactant-free drop. Thus, if the surfactant-free drop goes second (see the first column in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}), the vortices are enhanced by the interaction with the flow in the channel, whereas for the surfactant-free drop going first (see the second column in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}), the vortices are retarded. This explains the dependence of the maximum velocity inside the drop and therefore the penetration rate on the order of the drops.

With time, the centers of the vortices move to the rear part of the coalesced drop, which results in a decrease of the penetration velocity as can be seen from [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b00843/suppl_file/la9b00843_si_001.pdf). Such a vortex movement was also observed for the case of symmetrical coalescence,^[@ref38]^ but in the asymmetrical case, it occurs much faster. It can be assumed that acceleration in the movement of the vortices centers is due to the propagation of the Marangoni flow. The time scale of Marangoni flow for the system presented in [Figures [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} and [S4](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b00843/suppl_file/la9b00843_si_001.pdf) is τ~M~ ≈ 0.4 ms, that is, comparable with the time scale of observation. The propagation of Marangoni flow can be seen in [Video S3](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b00843/suppl_file/la9b00843_si_004.mp4).

Mixing on Long Time Scale {#sec3.4}
-------------------------

As shown in the previous subsection, the mixing of the drop content due to asymmetry in capillary pressure occurs on a millisecond time scale. At a time scale of tens of milliseconds, the mixing continues by recirculation inside the coalesced drop because of a gradient of longitudinal velocity over the channel cross section (see subsection [Characteristic Time Scales](#sec3.1){ref-type="other"}). The initial conditions for this recirculatory mixing are defined by the penetration pattern built on the smaller time scale.

[Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"} and [Video S4](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b00843/suppl_file/la9b00843_si_005.mp4) present the mixing patterns inside the coalescing drop on a time scale ranging from 10 to 50 ms at the maximum studied flow rate of 80 μL/min. At this flow rate, the characteristic time of recirculatory mixing ([eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}) is τ~F~ = 5 ms; therefore, well-developed mixing patterns can be seen in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}. It is obvious from [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"} that much better mixing is achieved for the case when surfactant-laden drop goes first.

![Mixing patterns following the coalescence of dyed surfactant-free drop of water and surfactant-laden (C10TAB, 5 CMC) drop: viscosity of continuous phase μ~c~ = 4.8 mPa·s, flow velocity in the output channel *Q*~s~ = 80 μL/min. Top row---surfactant-laden drop goes first, bottom row---surfactant-free drop goes first. The height of each picture is equal to the channel width, 360 μm.](la9b00843_0010){#fig9}

There are several approaches for the quantification of mixing using image analysis.^[@ref9],[@ref50]^ Here, a simplified version of mixing index^[@ref50]^ was used. The mixing efficiency was calculated as the difference in average gray values between the front and the rear halves of coalesced drop normalized by the gray scale value in the same part of channel filled by continuous phase ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}). This simple method gives a reasonable estimation of the mixing efficiency.

![Mixing kinetics presented by normalized gray value difference following the coalescence of a dyed surfactant-free drop of water and a surfactant-laden (C10TAB, 5 CMC) drop of water. Viscosity of continuous phase μ~c~ = 4.8 mPa·s, flow velocity in the output channel *Q*~s~ = 80 μL/min.](la9b00843_0002){#fig10}

[Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"} confirms the visual observation from [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"} that the mixing occurs much faster for the case when surfactant-laden drop goes first. Obviously, the chosen estimation method gives only the average difference between two parts of the drop and zero value of the intensity difference does not mean perfect mixing. [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"} shows that after reaching the first zero, the intensity difference oscillates around it. The further mixing results in the decrease of the oscillation amplitude before the complete mixing is achieved.

Conclusions {#sec4}
===========

Mass transfer following the asymmetric coalescence of two drops was studied in a microfluidic device. The asymmetry was the result of the presence of surfactant only in one of the coalescing drops. The coalescence of surfactant-laden drop and surfactant-free drop is accompanied by the penetration of the content of the drop with higher interfacial tension into the drop of lower interfacial tension. The rate of penetration crucially depends on the drop order: it is much larger when the surfactant-laden drop goes first. The penetration rate increases with an increase of interfacial tension difference, increase of flow rate and drop confinement in the channel (for the case of a surfactant-laden drop followed by a surfactant-free one), increase of viscosity of the continuous phase, and decrease of viscosity of the dispersed phase.

The contact of two drops results in a Marangoni flow directed on the interface from the surfactant-laden drop toward the surfactant-free drop. This flow redistributes the surfactant and therefore can change the neck kinetics by changing the interfacial tension at the neck. Under the conditions of this study, the neck kinetics for the case when the surfactant-free drop was followed by the surfactant-laden one was close to the neck kinetics observed for coalescence of two surfactant-free drops and was close to the kinetics of two surfactant-laden drops for the opposite drop order.

The flow patterns inside the coalescing drop for asymmetric coalescence (drops of the different interfacial tension) differ considerably from the symmetric case (drops of the same interfacial tension). In the symmetric case, coalescence resulted in the formation of four symmetrical vortices,^[@ref38]^ whereas in the asymmetrical case, only two vortices were formed with the centers inside the surfactant-free drop. Those vortices contributed to both the neck growth and the penetration of the content of surfactant-free drop into the surfactant-laden one. The vortices in the first drop along the flow direction are retarded by the flow of the continuous phase, whereas the vortices in the second drop are enhanced. This is the reason why a higher penetration rate has been observed for the case when the surfactant-laden drop goes first.

Theoretical analysis has shown that there are two time scales for mixing of coalescing drops under flow conditions in a microchannel. Processes such as coalescence, Marangoni flow, and mixing due to difference in capillary pressure between drops acted on the fast time scale of the order of 0.1--1 ms. The characteristic time scale for the mixing caused by the recirculatory flow due to the velocity gradients over the channel cross-section was of the order of tens of milliseconds. The mixing patterns on the time scale of tens of milliseconds also depend on the drop order. Faster mixing is achieved if the surfactant-laden drop goes first.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.langmuir.9b00843](http://pubs.acs.org/doi/abs/10.1021/acs.langmuir.9b00843).Isotherm of interfacial tension of C~10~TAB at water/SO 48 mPa·s interface; kinetics of neck growth at coalescence of two surfactant-free drops of water in SOs of different viscosities at flow rate 98 mL/min in a narrow channel; comparison of kinetics of the maximum length of the coalesced drop (empty symbols) and its surfactant-free part (filled symbols) for coalescence of a surfactant-free drop with a drop of solution C~10~TAB (5 CMC) in SO 48 mPa·s; circles---surfactant-laden drop goes first, squares---surfactant-free drop goes first; length is normalized by the initial drop size; distribution of the longitudinal velocity component in the liquid bulk along the interface between the surfactant-free phase and the surfactant-laden phase (seen as a line inside the coalesced drop shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}); positive value of velocity corresponds to the direction of penetration; circles correspond to the case when surfactant-laden drop goes first, squares---surfactant-free drop goes first ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b00843/suppl_file/la9b00843_si_001.pdf))Coalescence of a surfactant-free aqueous drop dyed with methyl violet (dark) with a surfactant-laden drop (light) of an aqueous solution of 300 mM C~10~TAB; continuous phase is SO 48 mPa·s; flow rate in the output channel---27 μL/min; surfactant-laden drop goes first; video corresponds to the set of images in the top row of [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} ([MP4](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b00843/suppl_file/la9b00843_si_002.mp4))Coalescence of a surfactant-free aqueous drop dyed with methyl violet (dark) with a surfactant-laden drop (light) of an aqueous solution of 300 mM C~10~TAB; the continuous phase is SO 48 mPa·s; flow rate in the output channel---27 μL/min; surfactant-laden drop goes second; video corresponds to the set of images in the bottom row of [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} ([MP4](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b00843/suppl_file/la9b00843_si_003.mp4))Speckle patterns visualizing the flow fields inside the coalescing drops; surfactant-free drop---mixture of 52% glycerol and 48% water (v/v), surfactant-laden drop---300 mM solution of C~10~TAB in glycerol--water mixture, continuous phase---SO 48 mPa·s; flow rate in the output channel---22 μL/min; video corresponds to the first column in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} (surfactant-laden drop goes first) ([MP4](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b00843/suppl_file/la9b00843_si_004.mp4))Mixing following the coalescence of dyed surfactant-free drop of water and surfactant-laden (C~10~TAB, 5 CMC) drop: viscosity of continuous phase μ~c~ = 4.8 mPa·s, flow velocity in the output channel *Q*~s~ = 80 μL/min; surfactant-laden drop goes first; video corresponds to the top row in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"} ([MP4](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b00843/suppl_file/la9b00843_si_005.mp4))
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